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ABSTRACT 
Catalytic converters are used in a variety of applications ranging from low-temperature 
combustion for gas turbine applications to the removal of pollutants from engine exhaust flow.  
Catalytic converters currently used in industry consist of a ceramic monolithic plug.  This 
monolithic plug has a honeycomb-like structure, and is comprised of many small cylindrical 
channels (tubes), the inner surfaces of which are covered with a reactive catalyst.  Determining 
the effect of the thermal conductivity of the monolith ceramic material on the ignition, flame 
stability, and steady state combustion will provide a scientific foundation with regard to the 
selection of materials for the construction of catalytic monoliths.  This effect is investigated in 
this study through numerical simulations.  Two commonly used materials are compared: 
cordierite, a ceramic with a low thermal conductivity, and silicon carbide, a ceramic with a high 
thermal conductivity. 
Another issue that is critical to the design of a catalytic converter is the length of the 
monolith plug.  The optimum length of a monolith tube is one that completely converts the 
incoming flow while utilizing the entire length of the catalytic coating.  In practice, the length is 
adjusted by stacking monolith plugs end-to-end, though it is unclear how different the end-to-end 
plugs are when compared to a single continuous tube of the same length.  This study numerically 
investigates the effects of this practice, with the goal to determine if a tube of length 2L exhibits 
the same behavior as two identical tube sections placed end-to-end, each of length L. 
The commercial CFD software CFD-ACE+TM was utilized to investigate the afore-stated 
issues.  The inlet flow rates of the methane-air mixture and the fuel equivalence ratio (or fuel-air 
ratio) were treated as parameters.  Only lean and stoichiometric mixtures were considered 
because in practice catalytic combustion is not performed with rich mixtures.  Catalytic 
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combustion of a methane-air mixture on a platinum catalyst was used as the candidate system 
because the chemistry of this system is well documented.  The models were set up and tested in 
an order of increasing complexity to ensure steady progress in the research.  Beginning with 
simple flow and heat transfer, the model was extended to include a single step combustion 
reaction, and finally a detailed reaction mechanism consisting of 24 surface reactions between 19 
species.  Both steady-state and transient simulations were conducted. 
The results show that thermal conductivity of the ceramic monolith has a large effect on 
ignition, flame stability, and steady state combustion.  The ceramic material with a high thermal 
conductivity value, namely silicon carbide, produces a stable flame over a much wider range of 
inlet flow rates than the ceramic material with a low thermal conductivity value, namely 
cordierite.  Over their respective ranges of ignition, for both silicon carbide and cordierite, the 
maximum temperature of the monolith tube is more or less the same, indicating that there is no 
effect of thermal conductivity on the maximum temperature.  Therefore, a case can be made for 
using silicon carbide instead of cordierite to create catalytic monoliths capable of handling a 
wider variety of inlet flow rates. 
The results also show that the ignition and blowout limits vary significantly between split 
and continuous tubes at high inlet flow speeds when the monolith tube walls are constructed 
from materials with high thermal conductivity; in this case, silicon carbide.  For high inlet flow 
speeds there are significant differences between split and continuous tubes for the high thermal 
conductivity material.  For monolith tubes constructed from materials with low thermal 
conductivity, such as the case of cordierite, there are no significant differences between split and 
continuous tubes over the entire flammability range.  Additionally, for high thermal conductivity 
materials with low inlet flow speeds and low thermal conductivity materials for all inlet flow 
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speeds over the range of ignition, the fuel conversion percentage does not significantly change 
and therefore, appears to be independent of inlet flow speed.  These results imply that axial heat 
conduction, or lack thereof due to thermal contact resistance from an air-gap between the end-to-
end monolith plugs, through the walls of the monolith results in thermal non-equilibrium 
between the solid and fluid phase, and subsequently affects ignition and flame stability in 
catalytic combustion. 
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Chapter 1  
INTRODUCTION 
1.1  Technology Background 
 Catalytic converters are used in a wide range of engineering applications, including the 
fields of automotive exhaust after-treatment, hydrogen production for fuel cell systems, and low 
temperature lean combustion within gas turbines.  Catalytic conversion is utilized in automobiles 
to remove pollutants from engine exhaust to comply with set governmental emission standards.  
The two types of converters that have been used are bead-pellet catalytic reactors and catalytic 
monoliths.  Bead/pellet catalytic reactors are constructed by filling a containing vessel with small 
porous ceramic pellets that have been covered in catalytic slurry (Fig. 1.1 (a)).  Catalytic 
monoliths are a newer technology, though they are made of similar materials as bead/pellet 
reactors and are constructed of multiple small tubes (Fig. 1.1 (b)).  These tubes are made up of a 
porous ceramic material and covered with a reactive catalyst.  Figure 1.2 is a picture of a 
catalytic converter utilized in exhaust treatment, and clearly shows two catalytic monoliths 
placed end-to-end inside the converter housing.  This is a common practice in industry to achieve 
the desired conversion percentage.  The exhaust flows through the monolith tubes, reacting with 
the catalyst along the inner surface areas of the tubes and exiting as acceptable emissions. 
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Figure 1.1: Examples of (a) bead/pellet catalytic reactor and (b) catalytic monolith 
 
Figure 1.2: Fully assembled automobile catalytic converter with two visible catalytic monoliths 
 
The closed-loop-controlled three-way-catalytic converter is most commonly used 
catalytic monolith in automotive applications [Ertl (1999)], given its name for the three primary 
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pollutants it removes.  Carbon monoxide (CO), hydrocarbons (HCs), and nitrous oxides (NOx) 
are removed from the exhaust flow via a catalytic combustion reaction.  It utilizes an 
“electrochemical oxygen sensor” [Ertl (1999) 21] that measures the oxygen content of the 
exhaust flow and relays a signal to a controller in the engine to change the fuel-to-air ratio and 
thereby adjust the exhaust composition.  By changing the fuel-to-air ratio in the engine, the 
exhaust composition can be regulated to stay within the range of optimal conversion [Heywood 
(1988)] (Fig. 1.3). 
 
Figure 1.3: Optimal air/fuel ratio range for typical gasoline engine 
 
Catalytic combustors are used in low temperature (typically <1500K) lean combustion 
within gas turbines to reduce NOx emissions and to allow for greater control of the combustion 
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process.  Adiabatic combustion chambers can lead to high steady-state temperatures capable of 
damaging the setup, as well as uncontrollable fluctuations known as combustion instabilities that 
can resonate and bring about destruction within the combustion chamber.  The use of catalytic 
converters for the combustion process results in lower temperatures and an easily controlled 
laminar flow in and out of the catalytic monolith.  Additionally, the use of a catalytic combustor 
reduces the “nitrogen oxide emissions” while still maintaining the efficiencies typical of gas 
turbines [N.A.S.A. (1998)].  This is because N2 and O2 in air react only above 2000K to produce 
NOx. 
While evidence of CFD modeling of single monolith tubes is abundant in the literature 
[Deutschmann et al. (1994), Hayes and Kolaczkowski (1997), Deutschmann and Schmidt 
(1998), Raja et al. (2000), and the references cited therein], to the best of the authors’ knowledge 
none of the past studies have aimed to address the specific issue at hand, i.e. the effect of thermal 
conductivity of the monolith support on catalytic combustion of hydrocarbons.  Notable amongst 
related past studies is a recent numerical investigation by Stutz and Poulikakos (2005), which 
shows that wall heat conduction effects can be non-negligible in monolithic converters for partial 
oxidation (not combustion) applications.  Also, these authors did not attempt to investigate the 
effect of splitting the monolith tube. 
 
1.2  Motivation for Current Research 
Though its range of uses is expansive, the geometry and construction of catalytic 
monoliths is consistent throughout its disciplines.  Catalytic monoliths are composed of many 
porous ceramic tubes, typically 1mm x 1mm in cross-section, placed into a larger block.  The 
interior of the tubes are then coated with porous catalytic slurry that reacts with the incoming 
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flow.  For automotive exhaust applications, alumina washcoat infused with platinum and 
rhodium [Heywood (1988)] is used to remove the pollutants, while for hydrocarbon combustion, 
platinum is used as the catalyst [Deustchmann et al. (1994)].  In automotive applications, 
cordierite is the most common material used due to its low thermal conductivity and thus it was 
chosen for this study [Lynch (1975), Heywood (1988), Ramesh et al. (1997), Riedel (2000)].  To 
explore results at the opposite end of the spectrum, silicon carbide was chosen because it is 
another common ceramic used in engineering applications and has a high thermal conductivity.  
The effect of thermal conductivity is investigated in this project by running simulations similar in 
all characteristics except the ceramic material composing the catalytic monolith tube walls.  By 
determining the effect of thermal conductivity on the ignition, flame stability, and steady state 
characteristics of the combustion process, decisions can be made regarding the type of material 
that is best suited for the design of a monolithic catalytic converter. 
Another similarity that pervades through all uses is the view is that an ideal catalytic 
converter is one that achieves complete conversion of the incoming flow without wasting any 
catalyst.  One of the critical parameters in the design optimization of catalytic converters is the 
length of the monolith plug to be used. In practice, the length is adjusted to near-optimum by 
stacking together several monolith plugs end-to-end. Typically, plugs of 1 inch length are used as 
building blocks. One critical question that arises out of this practice is whether a monolith tube 
of length 2L will exhibit the exact same behavior as two tubes of length L stacked end-to-end 
(Fig. 1.4).  Recent experimental observations for lean NOx trap (LNT) converters [Choi et al. 
(2006)] appear to indicate that the behavior seen in the two scenarios just described may not 
always be the same.  Such experimental data are very limited and require corroboration through 
further carefully controlled experimental studies.  Furthermore, because of the complex nature of 
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operation of LNT converters, it is not clear if any discrepancies are due to the splitting of the 
monolith tube or other unforeseen experimental errors.  Nevertheless, from a theoretical 
standpoint, it is credible to accept that a difference may exist.  One of the possible reasons for 
differences in the behavior between continuous and split monoliths is different axial heat 
conduction through the walls of the monolith. 
 
 
Figure 1.4: Schematic representation of split and continuous monolith tubes demonstrating 
the problem under consideration in this study 
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1.3  Objectives 
The broad objectives of the present study are to elucidate behavioral differences in 
ignition and steady state combustion characteristics due to differences in the material comprising 
the catalytic monolith tube and to determine the effects of using split and continuous catalytic 
monolith tubes through computational fluid dynamic (CFD) simulations.  The specific objectives 
are as follows: 
- Investigate the effect of thermal conductivity of the ceramic support material used for the 
catalytic monolith on the combustion of a hydrocarbon fuel, namely methane. 
- Investigate the effect of split and continuous catalytic monolith tubes on ignition, flame 
stability, and steady state combustion of a gaseous hydrocarbon fuel. 
 
1.4  Organization of this Thesis 
 This thesis is divided into multiple sections, beginning with an introduction to catalytic 
combustion material and a discussion of the motivation behind and objectives of this research in 
Chapter 1 (Introduction).  Next, there is a description of methods undertaken in this research in 
Chapter 2 (Research Method), including the governing equations that were solved using the 
commercial software CFD-ACE+TM as well as the strategy employed in arriving at the 
previously listed objectives.  There is a discussion of the results obtained from the solved 
computer simulations with regards to the effects of thermal conductivity of the ceramic 
comprising the catalytic monolith channel and the effect of splitting the catalytic monolith tube 
in Chapter 3 (Results and Discussion).  Finally, the implications of the research results are 
discussed in Chapter 4 (Summary and Conclusions) and extended in Chapter 5 (Future Work). 
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Chapter 2  
RESEARCH METHOD 
2.1  Governing Equations 
The governing equations are the equations of conservation of mass (both overall and 
individual species), momentum and energy, and are written as [Kuo (1986), Bird et al. (2001)]: 
Overall mass: 0)()( =!+
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U## o
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where !  is the mixture density, p  is the pressure, ô  is the shear stress tensor, and B  is the 
body force vector. Equations (1) and (2) are the well known Navier-Stokes equations, and need 
no further discussion. In Eq. (4), 
k
Y  is the mass fraction of the k-th species, 
k
J is the mass 
diffusion flux of the k-th species, and 
k
S&  is the production rate of the k-th species due to 
homogeneous chemical reactions. The total number of gas-phase species in the system is denoted 
by N. In Eq. (3), 
h
S&  represents the net source due to viscous dissipation and other work and heat 
interactions, and q  denotes the net heat flux due to molecular conduction, radiation, and inter-
species diffusion, and is written as [Bird et al. (2001)]: 
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where 
k
h  is the enthalpy of the k-th species, 
c
k  is the thermal conductivity of the mixture, and h  
is the enthalpy of the mixture (= !
=
N
k
kk
Yh
1
). The heat flux due to inter-diffusion of species, 
D
q , 
is often neglected in reacting flow formulations without any justification. In many practical 
applications of multi-species flows, this term can be comparable or larger than the Fourier 
conduction flux 
C
q , and can result in net heat flux that is opposite in direction to the imposed 
temperature gradient [Kumar and Mazumder (2006)]. In the above formulation, the enthalpy of 
the k-th species, 
k
h , includes the enthalpy of formation and the sensible enthalpy, and is written 
as 
!+=
T
T
kpkfk dTTchTh
0
)()( ,
0
,  (6) 
where 0
,kfh  is the enthalpy of formation of species k at the standard state, and kpc ,  is the specific 
heat capacity of species k. The species enthalpy is generally computed using standard 
thermodynamic databases, such as the JANNAF database. 
The diffusion flux in a multi-component system is often modeled using the so-called 
dilute approximation [Bird et al. (2001), Sutton and Knoffo (1998), Wangard et al. (2001), 
Desilets et al. (1997)]. In a recent study [Kumar and Mazumder (2007)], it has been shown that 
for catalytic combustion applications, the dilute approximation is comparable in accuracy to a 
rigorous multi-component diffusion formulation derived from the Stefan-Maxwell equations, 
while being computationally about twice as efficient. Thus, the dilute approximation is used 
here. Using the dilute approximation, the diffusion flux is written as [Bird et al. (2001), Sutton 
and Knoffo (1998), Wangard et al. (2001), Desilets et al. (1997)] 
kkmk
Y!"= D#J  (7) 
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where 
km
D  is the effective diffusivity of species k into the mixture, and is henceforth denoted by 
k
D  for simplicity.  The effective diffusivity is given by the relation [Bird et al. (2001)] 
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Substitution of Eq. (7) into Eq. (4) yields the appropriate species transport equation for the dilute 
approximation formulation: 
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D$$$ U  (9) 
Radiation is the dominant mode of heat transfer in such high-temperature applications. In 
a separate related study [Mazumder and Grimm (2007)], detailed participating medium radiation 
calculations using Planck mean absorption coefficients of the gas mixture were performed, and it 
was found that the combustion gas within the monolith tube hardly affects the radiation field, 
since these tubes are narrow (2 mm outer diameter). The optical thickness of the gas channels is, 
therefore, very small, and the gas can be considered non-participating. Thus, for the present 
study, only radiation exchange between surfaces was considered. Such an approximation has also 
been used by past researchers [Boehman (1998)] for modeling radiative transport in monolith 
tubes. In the present study, the discrete ordinates method with the S4 approximation was used to 
solve the radiative transport equation. The relevant discrete ordinates equations are readily 
available from the text by Modest (2003), and are omitted here for the sake of brevity. 
The governing equations, just described, require boundary conditions. The boundary 
conditions for the mass and momentum conservation equations are the no-slip conditions at 
walls, and appropriate mass flux or pressure boundary conditions at inflow and outflow 
boundaries. These boundary conditions and their numerical implementation are well known and 
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need no further discussion. The focus of this discussion is the boundary conditions for species 
and energy associated with heterogeneous chemical reactions at fluid-solid interfaces.  
 At a reacting surface, the diffusion flux of species is balanced by the reaction flux since 
the surface cannot store any mass. At the heart of surface reaction processes is adsorption and 
desorption of species at the surface, the treatment of which requires inclusion of so-called 
surface-adsorbed species [Coltrin et al. (1991)]. At steady state, the net production rate of the 
surface-adsorbed species is zero. In the absence of etching or deposition of material from the 
surface (i.e., zero Stefan flux), the reaction-diffusion balance equation at the surface may be 
written as [Coltrin et al. (1991), Mazumder and Lowry (2001)] 
species phase-gasˆ  !"= kRM
kkk
&onJ  (10a) 
species adsorbed-surface
steadyfor 0
unsteadyfor /
 !"
#
$
% &
= k
dtd
R
k
k
&  (10b) 
where 
k
R&  is the molar production rate of species k due to heterogeneous chemical reactions, 
k
!  
is the molar concentration of species k at the fluid-solid interface, and nˆ  is the outward unit 
surface normal. Since 
k
R&  is an extremely nonlinear function of the molar concentrations (or 
mass fractions) [Coltrin et al. (1991), Mazumder and Lowry (2001)], Eq. (10) represents a 
nonlinear set of differential algebraic equations (DAE). The solution of this stiff set of nonlinear 
DAE is generally obtained using the Newton method, but requires special pre-conditioning to 
address stiffness and ill-posed-ness in the case of steady state solutions. Details pertaining to 
these numerical issues may be found elsewhere [Mazumder and Lowry (2001)]. The solution of 
Eq. (10) provides the near-wall mass fractions and mass fluxes [represented by the left hand side 
of Eq. (10b)] of all gas-phase species, which appear as sources/sinks for control volumes 
adjacent to the surface in a finite-volume formulation [Mazumder and Lowry (2001)]. 
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 The balance of energy at the surface yields the following equation 
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where the subscript “F” denotes quantities on the fluid side of the fluid-solid interface, while the 
subscript “S” denotes quantities on the solid side of the same interface. The solution of Eq. (11), 
which is also a nonlinear equation, yields the temperature at the fluid-solid interface, and 
subsequently provides the flux of energy at the interface, which can then be used as a source/sink 
for the cells adjacent to the interface after appropriate linearization. In this enthalpy formulation, 
the heat of surface reaction actually manifests itself through the ! kk hJ  term—another reason 
why the energy carried by species inter-diffusion should never be neglected for such 
applications. 
Equations (1), (2), (3) along with Eq. (9), when solved along with the appropriate 
boundary conditions described, will produce flow, temperature and mass fraction distributions of 
all species within the monolith tube.  These equations were solved using the commercial CFD 
code, CFD-ACE+TM, and the procedure that was employed to do so is discussed next. 
 
2.2  Solution Strategy 
Modeling the catalytic converter tube was conducted in three major steps: geometric 
modeling and mesh generation, model setup, and post-processing.  A geometry file and mesh 
were created using the program CFD-GEOM (Fig. 2.1 (a)).  The geometry that was created and 
meshed is representative of a single tube at the very center of the catalytic monolith (Fig. 2.2).  
The geometry was modeled as a cylinder of outer diameter D, a wall thickness of 0.1D, and a 
length of 2L.  Figure 2.2 shows a schematic of the model that was used.  It is customary to treat 
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individual channels within a monolithic catalytic converter as channels of circular cross-section 
[Deutschmann and Schmidt (1998), Raja et al. (2000), Stutz and Poulikakos (2005)] because 
they form this shape when the alumina catalyst forms on the square ceramic channel walls (Fig. 
2.2).  Since the tube is cylindrical, azimuthal symmetry is assumed, and the computer model was 
designed to be axisymmetric rather than full 3D.  This was done to increase the speed of 
simulation completion.  The geometric program was also used to develop a mesh grid capable of 
sufficiently resolving the physics at all length scales.  All simulations were performed on a 
uniform grid with 150 cells in the axial direction and 48 cells in the radial direction. A grid 
independence study for nominal parameter values showed that calculations on a 300 x 96 grid 
yield results that are within 1% of the values from the 150 x 48 grid, and thus the coarser of the 
two meshes was used for further parametric studies and accepted as accurate. 
 
Figure 2.1: Snapshots of CFD- (a) GEOM, (b) SOLVER, and(c) VIEW illustrating the 
working mechanism of the commercial software CFD-ACE+TM 
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Figure 2.2: Illustration of a full-scale catalytic converter and the reduced axisymmetric model 
of one of its individual channels used for numerical simulations in this study 
 
The faces of the cross-section were set, grid points were added to each face side, and 
from these points an appropriate grid was generated, as shown in Figure 2.1 (a).  This mesh file 
was saved and then the data was transferred into another program called CFD-SOLVER (Fig. 2.1 
(b)) via a binary, so-called DTF file.  The purpose of this program is to set up the boundary 
conditions and material properties for the simulation at hand.  These material properties include 
the density, thermal conductivity, emissivity, etc., of all regions/materials.  The boundary 
conditions were set for temperature, emissivity, equivalence ratio of the inlet, emissivity and 
equivalence ratio of the outlet, the reactive and inactive section of the inner wall, and the exterior 
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ambient conditions, among others.  Once the simulation was correctly setup, it was run through 
the built-in solver (which solves the equations described in Section 2.1) to determine the steady 
state or transient solution.  The solver employs an iterative technique to attain convergence.  The 
residuals of each of the governing equations are tracked as they progress towards the desired 
convergence level (Fig. 2.3).  Finally, distributions of all relevant quantities such as flow 
velocity, temperature, pressure, etc., are printed out in the same DTF file.  This file can be then 
be opened using CFD-VIEW (Fig. 2.1 (c)) in order to graphically view and analyze the data.  In 
addition, CFD-SOLVER prints an ASCII output file with relevant processed data (Fig. 2.4). 
 
Figure 2.3: Visual plot of residuals for each governing conservation equation 
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Figure 2.4: Numerical output file generated by CFD-SOLVER 
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Chapter 3  
RESULTS AND DISCUSSION 
3.1  Cases Studied 
For the present study, catalytic combustion of methane on platinum is chosen as the 
candidate system because the kinetics of methane combustion on platinum are reasonably well 
known [Deutschmann et al. (1994), Raja et al. (2000)], and also because catalytic combustion of 
hydrocarbons constitutes an important class of applications as previously described.  
Furthermore, the particular reaction mechanism that has been used here has been validated 
extensively [Deutschmann et al. (1994), Raja et al. (2000), Mazumder and Sengupta (2002)].  
Table 1 shows the full reaction mechanism.  It is comprised of 24 surface reactions between 19 
species.  Table 2 summarizes the parameters used for the simulations.  To enable study of wall 
heat conduction effects, the two commonly used ceramic materials of silicon carbide, which has 
a high thermal conductivity, and cordierite, which has a low thermal conductivity, were chosen.  
Both steady state and transient simulations are performed for both wall materials for various flow 
rates (Reynolds numbers) and fuel-air mixtures (equivalence ratios).  A methane-air mixture of 
specified composition was introduced into the monolith tube at a prescribed velocity, and a plug 
velocity profile was imposed at the inlet.  Variation of the inlet velocity translates to a variation 
in the inlet Reynolds number, µ! /Re DU
inD
= , which is one of the parameters in the 
simulations.  The simulations are performed using the commercial CFD code CFD-ACE+™, and 
include fluid flow, heat transfer by all three modes, multi-component species transport, and 
multi-step finite-rate heterogeneous chemistry. Predicted results for species mass fraction 
distributions, temperature distributions, and conversion percentages are carefully analyzed to 
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gain insight into the ignition, blowout, and steady state combustion phenomena in such systems, 
with particular emphasis on the differences between split and continuous tubes. 
Table 1: Reaction mechanism for methane combustion on a Platinum surface 
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Table 2: Values of various parameters used for numerical simulations 
 
Parameter Value/ Equation/ Description Comment/ Source 
Length of building block, L 2.5 cm typical value 
Outer diameter of tube, D 2.0 mm typical value 
Thickness of tube wall 0.1 mm typical value 
Outer radius of tube, R 1 mm typical value 
Emissivity of wall, 
w
!  0.5 assumed 
Emissivity of inlet, 
in
!  1.0 assumed 
Convective heat transfer 
coefficient, h 
200 W m-2 K-1 assumed 
Far field temperature, 
!
T  600 K assumed 
Inlet temperature, 
in
T  600 K typical value 
Inlet axial velocity, 
in
U  Obtained from prescribed Re, 
using )/(Re DU
ininin
!µ=  
 
Initial temperature for 
transient simulations 
1000 K everywhere typically used 
Initial composition for 
transient simulations 
Air everywhere typically used 
Fuel equivalence ratio, 
stoichiometric 
1.0  
Fuel equivalence ratio, lean 0.8 assumed 
 
Cordierite Properties 
  
Thermal conductivity  3 W m-1 K-1 Value can vary between 
2 and 5 [Lynch (1975)]. 
Stutz and Poulikakos 
(2005) used 2.7. Here, 3 
is used as a 
representative value 
Density 2511 kg m-3 [Lynch (1975)] 
Specific heat capacity 1046 J kg-1 K-1 [Lynch (1975)] 
 
Silicon Carbide Properties 
  
Thermal conductivity  T0696.039.170 !  W m-1 K-1 [Riedel (2000)] 
Density 3200 kg m-3 [Riedel (2000)] 
Specific heat capacity T6122.052.490 +  J kg-1 K-1 [Riedel (2000)] 
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Newton cooling boundary conditions were employed at the ends (both front and back) of 
the ceramic tubes.  As stated earlier, surface-to-surface gray radiation transport was included.  
The emissivity of the inner walls of the tube was assumed to be 0.5, due to lack of better 
information.  The inlet and the outlet were assumed to have an emissivity of unity, implying that 
no radiation gets reflected back from these boundaries.  Conversion of the fuel is assumed to take 
place because of heterogeneous (surface) reactions at the walls only.  This is justified since the 
range of temperature observed is such that homogeneous combustion may be neglected [Raja et 
al. (2000)].  All transport properties of the fluid, namely viscosity, thermal conductivity, and 
binary diffusion coefficients were computed using the Chapman-Enskog equations of kinetic 
theory [Bird et al. (2001), Hirschfelder et al. (1954)], available as part of the CFD-ACE+™ 
code.  The Lennard-Jones potentials, which are needed as inputs, were obtained from the 
CHEMKIN database, which is built into the CFD-ACE+™ code.  The solutions were deemed to 
be converged when the residuals of each of the conservation equations decreased by five orders 
of magnitude. 
Since the tube at the center of the catalytic monolith was considered for simulation, the 
wall boundary conditions were set as adiabatic because at the center of the monolith the tube 
walls immediately adjacent to the center would be undergoing the same processes and therefore 
have very nearly the same exterior temperature.  This would allow very little, if any, heat to exit 
through the tube walls, and thereby theoretically justifies modeling them as adiabatic.  The 
chemical compositions of the inlet methane-air mixtures were calculated from prescribed 
equivalence (or fuel-air) ratio values.  The following cases were simulated for both silicon 
carbide and cordierite monolith tubes: 
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1. 2L = 1 cm tube 
a. Single step chemistry 
i. Continuous 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
ii. Split (10 µm air gap) 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
b. Multi-step chemistry 
i. Continuous 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
ii. Split (10 µm air gap) 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
2. 2L = 5 cm tube 
a. Single step chemistry 
i. Continuous 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
ii. Split (10 µm air gap) 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
b. Multi-step chemistry 
i. Continuous 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
ii. Split (10 µm air gap) 
1. Φ = 1.0 
2. Φ = 0.8 
3. Transient simulations 
The simulations were run to steady state for each case to determine the inlet flow rates 
where ignition and blowout occurs, and then transient simulations were run to confirm these 
findings. 
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 The model was built progressively, starting from simple flow and heat transfer 
calculations to onethat included all relevant physical phenomena.  The length 2L initially used 
for simulation was 1 cm, and the preliminary solver runs were done with simple fluid flow 
without any surface reactions.  As the project progressed and the simple flow simulations 
demonstrated the correct characteristics, the model was extended to include a single step 
chemical reaction of methane and oxygen on platinum [Song, X., et al. (1991)]: 
CH4 + 2 O2  CO2 + 2 H2O, 
! 
d CH4[ ]
dt
= "1.3#1011 exp
"16189
T
$ 
% 
& 
' 
( 
) CH4[ ] O2[ ]
1/ 2  (12) 
where 
! 
CH
4[ ]  and 
! 
O
2[ ] are the molar concentrations of methane and oxygen, 
respectively, and 
! 
T  is the surface temperature in Kelvin.  
! 
d CH
4[ ]
dt
 is the molar production rate 
of methane in kmol/m3/s.  Results were analyzed for the 1 cm tube cases over the relevant range 
of Reynolds numbers, showing correct trends for the simple combustion reaction but with no 
significant differences between the continuous and split tube cases as demonstrated through their 
methane distribution profiles (Fig. 3.1).  The cordierite tube simulations of 1 cm length were then 
tested with multi-step chemical reactions but again there were few differences apparent between 
the continuous and split tube cases (Fig. 3.2).  It is worth noting that ignition phenomena can 
only be correctly predicted with multi-step finite-rate chemistry, corresponding to two 2-inch 
building blocks.  The catalytic tube model length 2L was changed to 5 cm and the multi-step 
reaction mechanism [Deutschmann et al. (1994), Raja et al. (2000)], shown in Table 1, was 
finally used in lieu of simple one-step mechanism.  The fuel mixtures that were tested were 
stoichiometric (Φ = 1), lean 0.9 (Φ = 0.9), and lean 0.8 (Φ = 0.8) equivalence ratios.  At first, 
rich fuel mixtures were also tested but were later abandoned because it is highly uncommon for 
catalytic combustion processes to be run at rich fuel equivalence ratios. 
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Figure 3.1: Catalytic combustion of a stoichiometric (Φ  = 1.0) methane-air mixture on 
platinum supported on a cordierite monolith at steady state. Re = 100, length 2L=1 cm using a 
single-step reaction mechanism 
 
 
Figure 3.2: Catalytic combustion of a stoichiometric (Φ  = 1.0) methane-air mixture on 
platinum supported on a cordierite monolith at steady state. Re = 100, length 2L=1 cm using a 
multi-step reaction mechanism 
 
It was initially decided to treat the gap size between two building blocks as a parameter 
as well.  However, it was found that a gap size of 1 µm did not produce any noticeable 
differences in results between the split and continuous tube.  A gap size of 100 µm (0.1 mm) is 
unrealistic since 0.1 mm is the thickness of the wall of the tube itself.  Thus, simulations were 
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finally performed only with a gap size of 10 µm.  Again, the choice was prompted by lack of 
better information and the fact that the objective of this study is to elucidate behavioral 
differences, and not necessarily achieve quantitative validation.  The mean free path of air at 
room temperature and pressure is approximately 54 nm, based on kinetic theory calculations 
[Bird et al. (2001)] – about two orders smaller than the gap size used here.  Thus, no special 
thermal contact model was necessary to treat thermal transport within the gap.  A simple 
conductive resistance model was used. 
 
3.2  Effect of Thermal Conductivity 
A wide range of inlet flow rates (Reynolds numbers) were simulated for both cordierite 
and silicon carbide tubes until the full range of stable combustion was determined for both with 
inlet fuel flows of stoichiometric (Φ = 1.0) and a lean equivalence ratio of Φ = 0.8.  The 
simulations run with a stoichiometric fuel equivalence ratio yielded stable flames, while the 
simulations completed using a lean 0.8 equivalence ratio did not produce a stable flame at 
steady-state.  It was thought that the lean 0.8 simulations were not producing stable combustion 
due to the inlet flow temperature being too low at 600K, but even when the inlet flow 
temperature was raised to 800K, stable combustion was still not achieved. 
The range of Reynolds numbers for which ignition occurs in the two cases (silicon 
carbide vs. cordierite) is completely different (Fig. 3.3, 3.5).  The ignition occurs over a much 
wider range in the case of silicon carbide, indicating that it is a better candidate for the 
development of robust monolith plugs of various lengths.  The average thermal conductivity of 
silicon carbide is approximately 100 W m-1 K-1, while that of cordierite is approximately 3 W m-1 
K-1, so axial heat conduction through silicon carbide is much more pronounced than in cordierite, 
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enabling heat generated at the point of attachment of the flame to propagate to other locations of 
the silicon carbide tube, such as the 10 µm air gap, and thereby facilitating the stability of the 
flame. 
 
Figure 3.3: Ignition characteristics for heterogeneous combustion of a stoichiometric (Φ  = 
1.0) methane-air mixture on platinum supported on a silicon carbide monolith with length 
2L=5cm 
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Figure 3.4: Maximum temperature characteristics for heterogeneous combustion of a 
stoichiometric (Φ  = 1.0) methane-air mixture on platinum supported on a silicon carbide 
monolith with length 2L=5cm 
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Figure 3.5: Ignition characteristics for heterogeneous combustion of a stoichiometric (Φ  = 
1.0) methane-air mixture on platinum supported on a cordierite monolith 
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Figure 3.6: Maximum temperature characteristics for heterogeneous combustion of a 
stoichiometric (Φ  = 1.0) methane-air mixture on platinum supported on a cordierite monolith 
 
3.3  Effect of Monolith Splitting 
For the silicon carbide stoichiometric cases at high Reynolds number, there was a large 
difference in blowout limits between the continuous and split tubes (Fig. 3.3, 3.4).  While the 
continuous tube blew out at inlet flow Reynolds number 600, the split tube continued to ignite 
beyond a Reynolds number of 1000.  When both the continuous and split tubes were igniting, 
e.g. at Reynolds number 300 (Fig. 3.7), their behavior is the nearly identical; they ignite, achieve 
steady state, and have approximately the same fuel conversion percentage and peak temperature.  
However, in a case where the split tube ignites and the continuous tube blows out, the simulation 
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results show the differing behavior is due solely to the air gap present in the split case.  At 
Reynolds number 600, the simulation profiles of both the split and continuous cases taken at 
various instances in time during their ignition processes (Fig. 3.8) show that the continuous case 
is unable to sustain ignition while the split case ignition focuses upon the point of the air gap.  
The time-lapse temperature profile for the steady-state split tube (Fig. 3.8) shows that air gap 
hinders the propagation of thermal flow through the tube wall and forces the heat into the 
methane-air flow and thereby sustaining ignition.  This conclusion is also apparent through the 
viewing of the steady-state methane fuel distribution (Fig. 3.9) and the steady-state exhaust 
production viewed as the carbon monoxide distribution (Fig. 3.10). 
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Figure 3.7: Split and continuous tubes heterogeneous combustion of a stoichiometric (Φ  = 
1.0) methane-air mixture on platinum supported on a silicon carbide monolith at steady state. 
Re = 300, length 2L=5cm 
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Figure 3.8: Comparison of temperature distribution between split and continuous silicon 
carbide monolith tubes from the onset of ignition to steady state. Heterogeneous combustion 
of a stoichiometric (Φ  = 1.0) methane-air mixture on platinum supported on a silicon carbide 
monolith at Re = 60 with length 2L=5cm 
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Figure 3.9: Comparison of methane distribution between split and continuous silicon carbide 
monolith tubes at steady state ignition from stoichiometric (Φ  = 1.0) fuel. Re = 600, length 
2L=5cm 
 
Figure 3.10: Comparison of carbon dioxide distribution between split and continuous silicon 
carbide monolith tubes at steady state ignition from stoichiometric (Φ  = 1.0) fuel. Re = 600, 
length 2L=5cm 
 
For the silicon carbide stoichiometric cases at low inlet flow velocity Uin, there are no 
significant differences between the ignition points of the continuous and split tubes (Fig. 3.3).  
Both simulations ignite at the same inlet Reynolds number and over the range of ignition achieve 
approximately the same conversion percentages and maximum temperatures (Fig. 3.3, 3.4).  
Therefore, for the silicon carbide stoichiometric cases at low inlet flow velocity, the conversion 
fractions are viewed as more or less independent of inlet flow speed at the low end of the range 
of Reynolds numbers simulated. 
For the cordierite stoichiometric cases at all inlet flow velocities Uin, there are also no 
significant differences in the ignition and blowout points of the continuous and split tubes.  As 
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with the silicon carbide tubes at low inlet velocities, the cordierite split and continuous cases 
have the same conversion percentages and maximum temperatures (Fig. 3.5, 3.6).  However, the 
conversion percentage only varies by a small amount for the entire range of inlet flow velocities 
where ignition occurs, so the conversion fractions are viewed as more or less independent of inlet 
flow speeds simulated. 
In the case of cordierite, no noticeable difference is observed between the split and the 
continuous tubes; both tubes ignite or blow out in a similar fashion.  Additionally, once ignition 
occurs for the cordierite tube, the steady state conversion fraction is approximately 0.95 
irrespective of the Reynolds number.  In contrast, the split silicon carbide tube ignites over a 
much wider range of Reynolds number than the continuous case, and the conversion fraction 
decreases monotonically with increasing Reynolds number until blowout occurs.  However, even 
for silicon carbide at low Reynolds numbers, the conversion fractions are more or less 
independent of Reynolds number. 
It is clear from the above results that the effect of splitting the tube only manifests itself if 
the thermal conductivity of the tube material is high.  Otherwise, wall heat conduction is weak to 
begin with (as in cordierite), and whether additional conduction resistance is imposed or not 
plays no role in the overall ignition and flame attachment process.  One question that remains for 
the silicon carbide cases is why there is no difference in conversion fractions between split and 
continuous tubes at low-intermediate Reynolds number, while there is a large difference above a 
certain Reynolds number.  To answer this question, temperature and mass fraction distributions 
were studied for a case where both tubes ignited (Fig. 3.7), where inlet flow speed is ReD = 300.  
Comparison of the temperature distributions between the split and continuous tubes show 
observable differences in wall temperature, particularly near the splitting point.  However, these 
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observable differences in temperature do not translate to observable differences in mass fraction 
of methane.  Hence, the methane conversion fractions are similar.  At low flow rates, the flame 
attachment point is close to the inlet and almost 85% of the methane gets consumed in the first 
tube section.  Thus, any difference in wall temperature in the second half of the tube hardly has 
any effect on the overall conversion fraction.  With increase in flow rate, the flame attachment 
point is expected to shift further downstream, in which case the effect of splitting the tube is 
expected to be amplified, as was already corroborated by the results shown in Figure 3.8 through 
snapshots obtained from transient simulations at different instances of time.  These frames 
clearly show that the point of attachment of the flame in this case is in the second tube section.  
For the continuous monolith case, the heat is transferred downstream by axial conduction, and is 
eventually lost by both conduction and radiation to the relatively cold outlet.  In the split 
monolith case, the heat is prevented from traveling downstream by the thermal resistance of the 
small air gap, and therefore cannot be dissipated as effectively.  This facilitates attachment of the 
flame and enhances its stability at steady state, and is also confirmed in the methane and carbon 
monoxide distributions in Figures 3.9 and 3.10. 
The results indicate that high thermal conductivity ceramic supports are more robust as 
design materials since they allow ignition and flame stability over a wider range of conditions 
while still achieving the same maximum temperature. The downside is that such materials may 
be susceptible to different behavior when the monolith is built with smaller building blocks as 
compared to continuous monolith tubes. 
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Chapter 4  
SUMMARY AND CONCLUSIONS 
 Computational fluid dynamics calculations have been performed to elucidate key 
behavioral differences in heterogeneous combustion within continuous and split monolith tubes.  
Methane-air combustion on platinum is chosen as the candidate system, and a 24-step reaction 
mechanism is used to describe the surface chemistry.  In the split tube case, two building blocks 
of length 2.5 cm each are used, and an air gap of 10 µm is introduced between the two blocks.  
Two commonly used ceramic materials, namely cordierite and silicon carbide are used for the 
supporting monolith material.  Silicon carbide is representative of a material with high thermal 
conductivity, while cordierite is representative of a material with low thermal conductivity.  Both 
materials have comparable thermal capacitance.  
 Simulation results showed that ignition occurs in cordierite tubes over a very narrow 
range of Reynolds number, ranging between 35 and 80.  In contrast, ignition occurred in silicon 
carbide tubes in the range of Reynolds numbers between 20 and 1000, indicating that silicon 
carbide monoliths are likely to be much more robust and less susceptible in uncertainties in the 
Reynolds number.  Therefore, monoliths composed of materials with high thermal conductivity 
values would be better candidates than monoliths created from materials with low thermal 
conductivity values.  Within the narrow range of Reynolds numbers for which ignition occurred 
in cordierite tubes, it is observed that the steady state conversion fraction is virtually independent 
of the Reynolds number; in all cases, about 95% conversion was obtained.  For silicon carbide, 
on the other hand, the conversion fraction decreased monotonically with increasing Reynolds 
number, until blowout occurred.  
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 The difference in behavior between single and split monolith tubes manifested itself only 
for the high thermal conductivity material, namely silicon carbide.  For cordierite, both tubes 
behaved almost identically.  For silicon carbide, it was found that the introduction of a thin gap 
between the two sections of the tube reduced heat loss by axial conduction, facilitating 
attachment of the flame and subsequent steady state combustion.  In the case of continuous 
tubes, even though ignition occurred, the flame could not be sustained due to rapid heat loss by 
axial conduction. 
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Chapter 5  
FUTURE WORK 
 From an engineering perspective, the simulation results presented here can serve as 
guidelines for future design and troubleshooting of catalytic combustion processes.  The work is 
easily extendable to other practical chemical systems, pending availability of reasonably accurate 
reaction mechanisms.  This project could also be furthered through additional work in the 
construction and simulation of a full-scale model of a catalytic monolith.  The major 
consideration for this model would be the availability of the computational resources (both time 
and memory) that would be necessary to solve the governing equations for the full monolith (as 
opposed to a single channel of the monolith).  A successful simulation of the full monolithic 
catalytic converter would be useful in delineating the effects of flow and temperature non-
uniformity within the monolith from channel to channel. 
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